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1. Introduction 
We investigated the interactions of acoustics waves with flames, in a parallel study to electric 

and electromagnetic interactions. The interaction between sound and flames was first reported by 

John Leconte in 1858, who noted that fames within an orchestral hall respond to beats within 

music. The phenomenon of sound interacting with flames would be used in the study of 

combustion instabi lities and feedback controls 1
'
3
, instabilities withi n rocket propulsion4

•
5
, turbine 

combustion6
•
8

, flame manipulation9
·
10

, enhancement", and extinction12
'

18
• Key to the 

mechanoacoustic manipulation of flames is the work ofW.R. Babcock, who in 1967, reported the 

use of flames as an acoustic amplifier19
• In this work, the flame surface was modulated by 

induced instabilities (either within the feed gas, or through an applied electric field), resulting in 

sound being emitted from the surface of the flame. This paper was the first experimental report 

describing the surface tension of a fl ame. 

Previous work on acoustic interactions with flames has covered a range of systems, including 

pre-mixed flames20
, droplets5

·
21

, and acoustic forcing of diffusion flames 11
•
22

•
23

• ln these studies, 

the most commonly proposed mechanisms for the coupling of acoustics with flames included I) 

periodic oscillation of the equivalence ratio (air-fuel ratioi 4
•
25

, 2) oscillations ofthe total flame 

induced by convective forces26
, 3) oscillations of the flame area induced by acoustic 

accelerations27
'
29

, 4) sensitivity of the chemical reaction rate of the flame to local pressure30
•
31

. 

Phase I studies of mechanoacoustic manipulation of flames investigated the previously 

uncharacterized phenomenon of acoustic extinction of a diffusion flame by coupling with a 

transverse acoustic source. These studies investigated the relationship between flame extinction 

and the applied acoustic frequency, velocity, and pressures. Ultimately, we found that the local 

ai r velocity imparted at the flame body is the dominant factor in the extinction of the stud ied 

flames. Phase ll studies investigated the extinction of liquid pool flames, as well as investigated 

the scale up potential of acoustic extinction methods. 

2. Flame Extinction by Transverse Acoustic Waves 
2.1. Summary. During Phase I, we investigated the extinction of a 15-cm non-premixed methane 

flame exposed to acoustic excitation ranging from 35-150 Hz with pressures ranging from 0.2 Pa 

(80 dB) to 112 Pa ( 135 dB). The sound source was a commercial speaker; and we measured its 

output with a high pressure decibel meter. Although the initia l study described a frequency 
dependence of flame suppression (peak extinctions were observed near 60 Hz) when measuring 

acoustic pressures, we later deduced that the observed peak in pressure at 60 Hz did not 
correspond to a peak in acoustic velocity at the location of the excited flame. Subsequent 
experiments would measure acoustic velocities of the air surrounding the flame, simultaneously 

with the acoustic frequency and pressure. We found that a threshold acoustic velocity must be 
applied to the flame in order to achieve extinction, rather than a specific frequency or acoustic 

pressure. The threshold extinction velocity (acoustic velocity at which extinction occurs) is also 

a function ofthe stability of the flame. In the case of gaseous fuel sources, flame stability is 

dependent on the flow velocity, and subsequently, the Reynolds number of the exiting fuel 

stream. One can achieve the threshold extinction velocity, at most frequencies, provided the 

applied acoustic amplitude (pressure) is sufficient. The air velocity created by the acoustic 

source was measured usi ng a range of techniques including the p-p method, and Microflown™ 

sensors. 
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2.2. Experimental Details. A schematic of the basic experimental setup is given in Figure lA. This 

represents the setup used to introduce a single acoustic source to the flame. We modified a 

commercial subwoofer (QSC model # 181 i) with a modular collimator constructed of 20ga 

stainless steel. Without the collimator, the acoust ic pattern wou ld exit the speaker in a radial 

pattern. A burner (connected to a fuel source, commonly methane) was placed in front of the 

collimator so that the base of the flame was centered w ith the speaker (Figure l.B). Several 

variables of the burner were investigated including the construction material, fuel velocity, and 

burner geometry. We placed the sensor (microphones, Microflown ™, etc.) offset from the 

burner by Scm. The Microflown sensor was used to s imultaneously measure air velocity and 

sound pressure, this was also accomplished though the use of a series of microphones utilizing 

the p-p method (Appendix I). 

1200 

B 
Figure 1. (A) Acoustic setup for 
extinction of a flame with a 
subwoofer depicted on the left, a 
collimator, and a flame on the right. 
(B) Photo looking into the coll imator 
showing the cone of a subwoofer, a 
flame, and a Microflown sensor. 

The collimator provided an approximately planar wave front to interact with the flame 15
• 

We observed several phenomena w ith the collimator I) w ithin the collimator a 6 fold increase in 

pressure is measured at the speaker face compared to that of a bare speaker, 2) measuring the 

flame 15 em in front of the collimator ( 170cm from the speaker face) has an increase of 144 Pa 

over the SPL measured 15 em from the open speaker (Figure 2). The majority of the 

experiments were performed with the flame source 15 em outside the collimator. 

148 Hz: 

- 1000 g_ 
·--.. 

L
- • - colhmator 
- • - bare 

Figure 2. Comparison of measured levels of sound 
pressure of an open (bare) and collimated speaker. 
We excited the speaker at 48Hz (with an input 
voltage of I Vpp) and measured SPL readings from 
the face of the speaker . 
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2.3. Results. Several variables were found to influence the extinction of a non-premixed diffusion 

flame exposed to transverse acoust ic waves. In Phase I, we were limited to measuring pressure 

and frequency due to available equipment. Using these two parameters, we observed, a 

frequency dependence with acoustic extinction. The use of 60 Hz was found to be optimal for 
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extinction events. Simi lar results had also been reported previousl/2
• In these studies and our 

own, the ampl itude of the speaker was normalized at the studied frequencies. Due to the output 
performance of speakers, as well as the test environment, less power was needed to move the ai r 
at resonant modes within the room. Thus, when the speaker output was at a lower power setting, 
we created higher acoustic velocities near resonances of the test chamber which was -59 Hz. If 
we increased the output of the speaker, we were able to generate higher air velocities at other 
frequencies, demonstrat ing that there was no frequency dependence with acoustic suppression of 
flames. 

Experiments in Phase II investigated the velocity of the ai r at the flame generated by the 
acoustic source. Figure 3 presents an extinction profi le of a small methane flame. We present 
the minimum thresholds to cause ten consecutive extinctions. In these experiments, we 
measured the dependence of frequency on pressure, velocity, and local displacement near the 
fl ame -- measured via the p-p method. ln Figure 3A, we note that a mini mum in the pressure 
occurred at 60 Hz near one of the resonant modes of the room. A general trend was observed as 
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Figure 3. Acoustic extinction profile of a 1.6 mm ID methane burner. Data collected represents acoustic 
thresholds to create ten consecutive extinction events. Presented are the profi les of pressure (A), velocity 
(B) and total displacement (C) against frequency. The feed rate of methane to the burner was I 00 ml/min. 
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a higher acoustic pressure was needed to extinguish flames as the frequency increased. 
Figure 3B displays a decrease in air velocity as frequency increased; however, there is a 

minimum velocity observed to extinguish the flame (.....0.5m/s). Lastly. we calculated the air 

displacement for the system (Figure 3C). The derivation of these values is found in 

Appendix 2. 

2.3.1.Burner Material. We found that the burner material had no significant impact on the 

extinction event. In Figure 4, we display the extinction profiles of acoustic pressure (top) 

and velocity (bottom) for burners with the same fuel source (methane), burner diameter (lD 

= 0.0625") and fue l flow rate (200 seem). We surveyed frequencies from 50-130 Hz, 

measuring the extinction threshold for these burners; increasing the amplitude of the 

speaker until ten consecutive extinctions occurred. The data represents the average velocity 

and pressures during the ten consecutive extinction events. 

60 70 80 90 100 110 120 
Frequency (Hz) 

60 70 80 90 100 110 120 
Frequency (Hz) 

Figure 4. Dependence of flame extinction on burner 
material. We measured the threshold extinction pressure 
(top) and veloc ity (bottom) of methane burners made 
from alumina ceramic, copper, and stainless steel with a 
constant ID of0.125" and a flow rate of200sccm. 

2.3.2.Fuel velocity. In Figure 5, we display the threshold extinction properties of a 75 Hz 

acoustic source as the fuel velocity to the burner was increased. We changed the fuel 

velocity of a non-premixed methane burner and measured the acoustic pressure (not shown) 
and velocities necessary to create ten consecutive extinctions. The flame underwent a 

transition from lam inar to turbulent at a flow rate of I 8. I m/s, where the Reynolds number 

was approximately 2000. The fuel velocity was increased until conditions caused a lifted 
flame (occurring above 24.5 m/s; Re = 2700) in the system. We did not measure the 

acoustic extinction of a lifted fl ame. 

Within laminar conditions, the acoustic velocity necessary to extinguish the flame 

increased with the fuel velocity with a plateau at -1.45 rn/s for acoustic velocity. As the 

fuel velocity increased past 18.1 m/s, the flame becomes turbulent, and the acoustic velocity 

necessary for extinction decreased rapidly. This trend was observed at multiple acoustic 

frequencies, supporting the hypothesis that acoustic velocity contributed to the extinction of 

the flame and that extinction was also dependant on the stability of the flame. 
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Figure 5. Dependence of flame extinction on 
fuel velocity. Threshold extinction of a 
methane flame exposed to a 75 Hz acoustic 
source. Turbulence is exhibited in the flame 
at fuel velocities above 18 m/s. The flame 
was generated usi ng a 0.0625" 10 ceramic 
burner. 

2.3.3.Reynolds Number. One can further compare the effect of the Reynolds number of the fuel 

on flame extinction. The calculation of the Reynolds number requires knowledge of the 

burner geometry and either the fl ow rate and kinematic viscosity of the fuel or fuel velocity, 

density, and fluid viscosity . We measured the extinction threshold using ceramic burners 

with diameters of 0.0625", 0. 125", and 0.25". The fuel flow rates were varied so that the 

Reynolds number for the exiting fuel was 93 in all burners (Figure 6A). Details of these 
conditions are given in Table I. The averages acoustic velocities for frequencies above 70 

Hz were 0.54 m/s (0.0625"), 0.65 m/s (0.1 25") and 0.77 m/s (0.25"). The acoustic 

velocities are of the same magnitude as the velocity of the fuel exiting the burner. 

40 

Using the same burners, we varied the fuel delivery such that the fue l exited at 1.0 m/s 

(Figure 6B). The Reynolds for these burners were I I 0 (0.0625"), 220 (0. 125"), and 

440(0.25"). As the Reynolds value for the burner increased, the acoustic velocity necessary 

for extinction increased. We also note that the required acoustic velocity for extinction 

increased with frequency in these experiments. 
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Figure 6. Dependence of RMS acoustic velocity on frequency. The response of ceramic burners with 

varying internal diameters (0.0625", 0. 125", and 0.25") was measured. Fuel flow rates were adj usted to 

have constant Reynolds number (A), and constant fuel velocity (B). 
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Table 1 

Burner Flow Rate 
Diameter (seem) 

0.0625" 100 

0.125" 200 

0.25" 400 

Fuel 
Velocity 

(m/s) 

0.84 

0.42 

0.21 

Re A vg. Acoustic 
Extinction 

Velocity (m/s) 

93 0.54 

93 0.68 

93 0.77 

2.4. Discussion. We have demonstrated that acoustic suppression of flames does not occur at a 

specific frequency nor pressure, rather it is strongly dependant on the local air displacement at 

the body of the flame. The nature of acoustics is such that the air velocity of a sound wave is a 

convolution of the wave frequency and pressure, thus there is an indirect dependence on these 
variables. One can generate a specific air velocity using various combinations of pressure and 

frequency. In our studies, we had precise control over these acoustics and were able to measure 

the conditions and thresholds for extinction. These are very ideal conditions; in a real fire, one 

would not have a priori knowledge about the source of a flame (fuel rate, burner area, etc.). By 

exposing a random flame to a sound source that modulates frequency and pressure, we would 

expose the flame to various air velocities that might lead to extinction, provided the applied 

acoustic velocity were greater than the extinct ion threshold for a duration long enough to cause 

extinction. 

3. Acoustic Cavities 
3.1. Summary. Extinction in a room generally requires localized mobilization of instruments and 

delivery of material to address a fire. By coupling to the resonant modes of an acoustic cavity, 

there is the potential to extinguish flames at-a-distance or at specified locations such as anti

nodes within a room. To explore extinction of flames in acoustic cavities, we ran simulations for 
acoustic fields with different geometries (initial guidance provided by Doug Ladouceur and Jim 

Fleming at the Navy Research Labs) and experiments on Harvard's campus and at Hanscom Air 

Force Base. 

To model the acoustics in a cavity, we started with two-dimensional models as shown in 
Figure 7. While we do not incl ude the magnitude for the simulated results, these plots show 
standing waves of pressure and velocity in a cavity and their dependence on the 
frequency/wavelength of excitation (excited region was at the internal, vertical edge of the cup
like collimator). 
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Figure 7. 2-D acoustic simulations for pressure and velocity in a box with a collimator. The inner 
vertical wall of the coll imator is excited. The height of the box is 3.4 m, while the length/width ofthe 
box is 3.7 m. 

3.2. Numerical Modeling. We used the software package FlexPDE to model the acoustic fields with 
different geometries. The partial differential equation governing the physics came from standard 
derivations neglecting viscosity (an e-book from Backstrom 

http:/ / ebooks.ebookmall.com/ ebook/411296-ebook.htm and Landau and Lifshitz's Fluid 

Mechanics p. 251 ). 

ap n- 0 -+pv ·v= at Continuity 

av + Vp=O 
at P 

Euler' s equation (small velocities) 

Set v = -V ¢ and ¢ = (¢, + }¢, )e1wt 
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p=pa¢ 
at 

The boundary conditions for reflective walls were n · V ¢, = 0 and n · V ¢, = 0, while the 

boundary conditions for oscillating/vibrating walls were n · V ¢, =amplitude of velocity and 

n · V ¢, = 0 . To calculate velocities and pressures, we solved for ¢ to find v = ii, cos( wt ) and 

p = - p, sin ( wt) . Figure 8 shows a 3-D geometry and configuration of a mesh created in 

FlexPDE. With the boundary condition on all surfaces except for the excited surface set to be 

reflective ( n. v ¢, = 0 and n. v ¢, = 0 ), and the excited surface (internal, vertical disc within the 

cup-like collimator) set to have a velocity of I m/s ( n · V ¢, =amplitude of velocity or 1 m/s 

and n · V ¢, = 0 ), Figure 9 shows sliced contours depicting the acoustic pressures and velocities 

in the chamber. 

3-0 caVIty 

Figure 8. Geometry for modeling acoustic excitation of a room. Dimensions ofthe box are 3.4 m x 
3.4mx5.7m. 
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Figure 9. Simulated results for acoustic pressure (Pa) and velocity (rn/s) at 100 Hz. 
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Experim ental Results. Without excitation of a flame, we compared experimental measurements 
of acoustic pressures and velocities within the room in the basement of our building in which we 

normally performed experiments. Figure 10 provides a side-by-side comparison between 

normalized experimental data and the simulated results at specified locations within the room. 

Even without including the viscosity term in our acoustic modeling of the room and assuming the 

walls to be loss less in their reflection of acoustic waves, there is reasonable agreement between 

the experimental data and the simulations over the ranges offrequency of interest for acoustic 

extinction of flames. Figure II shows the characterization of the acoustic velocities at the circled 
location shown in Figure 10 as a function of the frequency of excitation. The general hypothesis 

was that for the methane-based diffusion flames, peaks in acoustic velocities would be effective 

for extinguishing flames. 

Extinction was possible at different locations within the room we used in the basement of our 

building at Harvard. The approximate dimensions of the room were 5.7 m (length) x 3.3 m 

(width) x 3.2 m (height). In one case, we were able to extinguish flames with a frequency of 60 

Hz at a distance of 1.06 m to the left of the center axis of the collimator and 1.64 min front of the 

collimator. The initial experiments with extinction of flames away from the collimator used 

unstable, turbulent flames. While impressive in appearance, these flames were very sensitive to 

changes in the flow rate of methane and surrounding convective flows. We performed additional 

experiments in the same room at Harvard using a "mini-flame" shown in Figure 12. Figure 13 
shows that we were able to extinguish the min-flame at the expected frequencies of 60 Hz and 80 

Hz, but we a lso had extinction at 50 Hz and lack a good explanation for this behavior. 

On June 22, Albert Viggiano hosted us as we performed experiments in two rooms at 

Hanscom Airforce Base. Todd Pedersen also helped us make arrangements for tests. Prior to 

running tests at Hanscom Air Force Base, we had demonstrated efficient extinction at 60 Hz in 

our room in the basement at Harvard. We had hypothesized the result was due to the tests being 

conducted in a room with resonance near 60 Hz. 

At Hanscom Airforce Base, we tested the hypothesis that the dimensions of a room/acoustic 

cavity could influence our ability to exti nguish flames with acoustic perturbation. We confirmed 
this hypothesis by being able to extinguish a flame at a mode/frequency (64 Hz) of resonance 
with a flame 2m away from the end of the coll imator of our system for acoustic excitation, but 

not at neighboring frequencies (50 Hz, 54 Hz, 60Hz, and 70Hz) (Figure 14). The length of the 
room was 5.4 m and had a corresponding mode at 64 Hz (343 m/s divided by 5.4 m =64Hz). 

With extinction of our flame possible at 64 Hz but not 50, 54, 60 and 70 Hz (subwoofer began to 
clip), our measurements suggest that the spike in velocity is responsible for extinction. 
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Figure 10. Measured and modeled RMS velocities (m/s) paralle l to the collimator in the horizontal plane 
that bisects the collimator (0.76 m off the ground in the model and 0.43 m off the ground in the actual 
experiments). The x' s show the locations of the measurements, the numbers immediately to the right of 
the x's show the measured velocity, and the numbers in red (to the right of the measured velocity) show 
the modeled velocity. 
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Figure 12. A mini-flame used for characterizing extinction in acoustic 
cavities. The inner diameter of the ceramic burner was 0.6 mm, and the 
outer diameter was 0.9 mm. The flow rate of methane through the 
burner into atmospheric conditions was 23 ml/min with a correspond ing 
vertical velocity of 1.4 m/s for the methane in the tube. 
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Figure 14. Data collected in a small room (17ft. '10 in x 13ft. x I 0 ft tall) at Hanscom Airforce Base 
with normalized pressures and velocities measured at a location of interest. The location of interest was 
approximately 2m from the front of the collimator at an angle of 53 degrees relative to the line running 
through the center of the coll imator, and the location of reference was 0.07 m in front of the collimator. 

Additionally, we tested the extinction of a flame at the face of a wall. The objective was to decouple 

the contributions of acoustic pressure and velocity, as velocity would theoretically be zero at the wall. 

We hypothesized that it would not be possible to extinguish a flame close to a wall of an acoustic cavity 

since the velocity at a reflecting wall would be zero. We did not fully develop this set of experiments, but 

initial results demonstrated that the velocity normal to the wall was not necessary to extinguish a flame at 

that surface. We placed a small flame at different distances from a wall (3, I 0, 22, 53 and 83 em) behind 

the subwoofer in our room in the basement. Figure 15 shows the measured acoustic pressures and 
velocities (normal to the wall) for extingu ishing a flame in I 0 consecutive attempts at each specified 

distance from the wall. To illustrate a lower limit of extiction, the red x's show series of I 0 consecutive 
attempts that did not extinguish the flame every time. The results shown suggest that acoustic velocity 
normal to the wall is not necessary to extinguish a flame. Nevertheless, there might have been velocities 
parallel to the wall surface that contributed to extinction of the flame. 
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Figure 15. Extinction of a small non-premixed flame of methane (-I em in height) placed at different 
locations from a wall behind a speaker in the basement of our lab. The frequency of excitation was 60 
Hz, and the burner had an inner diameter of 0.6 mm and an outer diameter of 0.9 mm. The velocity at the 
opening of the burner was approximately 3 m/s (based on a flow rate of 50 mllm in). The error bars are ± I 
cr. 

4. Mechanism and Theory 
4.1. Summary. We have demonstrated that osci llations in the local air velocity at the flame body 

contribute to events of acoustic extinction. We must now consider how a local oscillating air 

velocity can cause extinction of a flame. Is this analogous to directly blowing ai r on the flame or 

do we couple into hydrodynamic forces that influence combustion? We originally presented 
several possible mechanisms of acoustic coupling with flames I) periodic oscillation ofthe ai r

fuel ratio, 2) oscillations of the fl ame induced by convective forces, 3) oscillations of the flame 
area induced by acoustic accelerations and 4) sensitivity of the chemical reaction rate of the 
fl ame to local pressure. We have observed some of these mechanisms during our experiments. 

4.2. Basic Mechanism. We believe that the primary acoustic mechanism of suppression of gaseous 

fuels is, in part, a blow-off mechanism; where the acoustic wave imparts kinetic energy to the 

reactants of the fl ame caus ing the net velocity of reactants to be greater than the flame 
propagation velocity. This conclusion was reached following several experiments with high 

speed video as well as during studies of flame stability under acoustic excitation (section 2.3.2). 

High speed imaging of extinguished flames demonstrated several features of blow-off 

occurring. In Figure 16A a methane flame oscil lates about the burner under acoustic excitation. 

The fl ame detaches from the burner prior to extinction after approximately 1.7 s. Figure 16B 
displays a flame with a fuel rate of20 m/s (a turbulent fuel regime). Ini tially, the total flame 

underwent oscillations about the burner. Shortly after acoustic excitation, the flame lifted off of 

the burner but did not extinguish. The flame appeared to undergo chaotic mixing in the lifted 
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state as it oscillated within the acoustic fie ld; this mixed state represented induced changes in the 
gradientbetween fuel and oxidizer. Eventually, the acoustic perturbation extingu ished the flame 
in its lifted state. Since the fl ame existed in the lifted state, we can conclude that lift-off alone 

was insufficient to extinguish the flame. 

A t= O t= SO rns t= l 557 rns t=l607 rns t = l660 rns 

B t=O l = lO ms t= l 888 ms t=3210 ms t= 3400 ms 

Figure 16. Hi -speed images of acoustic extinction at 75 Hz for methane fl ame from burner with ID = 
0.0625". (A) Fuel velocity at the exit of the burner was 0.6 m/s. Extinction occurred after approximately 
1.7 s. (B) Fuel velocity at exit of the burner was 20 m/s. 

The mechanisms for oscillati ng streams of air interacting with the flame are similar to 

those we have observed under acoustic excitation32
• With the application of oscillating ai r 

currents at low velocities, deformation of the fl ame body occurs and combustion rate is enhanced 

as fuel and oxygen are supplied to the combustion region. However, as the air velocity is 

increased additional phenomena occurred in the flame including (a) a decrease in the thickness 

of the fl ame boundary, (b) changes in the gradient between fuel and oxygen, (c) increases in the 
reactant concentration and production, (d) a decrease in the mean temperature of the flame. We 
have observed each of these occurrences throughout several experiments in Phase II. 

At the NRL CBD, we observed vitiation and blow-off occurring with a liquid heptane 
flame. The flame area widened and began to lift away from the surface of the burner to regions 

where fuel/oxidizer ratio was sufficient to maintain combustion at a distance of approximately 
6cm above the liquid pool. This observation supports the hypothesis that a change in the 

gradient between the fuel and oxidizer of the flame occurs under applied acoustic excitation. 

Additional ly, we introduced thermocouple probes into flames and observed a rapid decrease in 

temperature upon acoustic interactions, even though we were unable resolve temperature 

changes on the same time scale of the applied acoustic frequency (the sampling rate of the 

probes was - I 0 Hz). 

5. Scale-up: Limitations and Opportunities 
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5.1. Limitations. Large scale extinction wi ll be difficult using the existing schemes for extinction. 

From acoustic mapping of the speaker, we observe that the air velocity decreases rapidly from 
the collimator (Figure 17). Sound attenuation from most acoustic sources leads to a decrease in 

the acoustic power, and thus air velocity, at a large distance from the acoustic source. The 

magnitude of air velocities at a large distance from the speaker can be increased with the power 

of the speaker but will generally emanate in a conical geometry radiating from the speaker or 

collimator. You can see the effect of distance on the acoustic output in Figure 2, where we see a 

decrease in the meas ured sound pressure levels with distance from the speaker. 
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Figure 17. Acoustic velocity profile from collimated speaker measured usi ng Microtlown™ imaging 

systems. 

In order to extinguish large area flames acoustically using the current setup, either a 

larger or more powerful (higher SPL output) speaker would need to be used. Directly increasing 

the output power of a speaker, will cause signal clipping; a distortion of the output signal. When 
dealing with a clipped system, the output will often be irregular and non-sinusoidal. One can 

multiplex speakers to achieve extinction of larger flames, however the practically of such a 

system comes into question. To achieve extinction of a large area flame, several speakers can be 

placed in series so that their acoustic profiles overlap to affect a larger area. To achieve greater 

pressures in the system, you can align speakers so that their collimators face each other. Note 
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that in this orientation the phase of the applied acoustic signals must be monitored so they do not 
cancel each other out at the flame. All flames measured in this phase were smaller than the 

diameter of the collimator. Lastly, one could incorporate a technique of acoustic suppression 

using the phenomena described with acoustic cavities (Section 3). With knowledge of the 

resonant behavior of a room or enclosure, you could incorporate a single (or multiple) speaker 
within it to achieve acoustic velocities in specific areas of interest. This technique of 

suppression would require knowledge of the geometry of the acoustic cavity, so that the 

optimum placement of the speaker(s) can be achieved, as well as excitation with optimal the 

resonant frequencies for the room. 

5.2. Opportunities. During the scale up efforts in Phase II , we found several phenomena that can be 

exploited for extinction and enhancement of the flame. By compiling extinction data collected 

from various fuels, we observed a trend in the extinction profi les. The acoustic pressures 

necessary for extinction were highly dependent on the fuel source but not the area of the flame. 
Figure 18 displays the acoustic pressure necessary for the extincti on of methane, ethanol, 

hexane, and heptanes fuels of differing burner areas. 
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Figure 18. Acoustic extinction pressure of fl ames from mult iple fuel sources against the total 
burner area of the fuel. 

We also measured the fuel consumption rate of a liquid flame (hexane) during acoustic excitation 
(Figure 19). A known mass offuel was loaded into a commercial wickless burner. Once ignited, 

the fl ame was exposed to acoustic excitations for 30 seconds and followed immediately by 

measuring the remaining mass of the fuel. The increased rate of fuel consumption was most 

likely due to increased mixing within an acoustic fie ld. We conducted a similar study with solid 

fuels. We ignited a coal and exposed it to an acoustic fie ld. The average heat of the coal surface 

increased from 460 to 530°C, as measured from an IR camera. This opens up a possible 

application of acoustics to improve combustion systems. 
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Figure 19. Fuel consumption of a hexane flame 
during acoustic excitation. The flame was exposed to 
an acoustic signal of 50Hz, at varying amplitudes to 
produce the measured velocities. 
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Appendix 1. P-P Method (initially developed with Kyle Bishop) 

Start with the following acoustic relation ... 

av I 
- +- Vp = 0 (see Landau Lifshitz, Fluid Mechanics, p. 251) 
at Po 

Here, vis the fluid velocity, Uo is the fluid density, and p is the pressure variation about atmospheric 

pressure, p0 . This equation comes from Euler's equation, which describes inviscid flow in a compressible 

fluid : 

8v -\lp 
- + v · \lv = --
8t p 

Lifshitz states that because the oscillatory rare fractions and compressions of a sound wave are small, the 

term v · \v is small or neglible. When v and p vary sinusoidally with a single frequency (as is the case 
in our experiments), one can rewrite the equation above to give 

v = - 1
-· \lp with v = Re[vexp(iwt)] and p = Re[jJexp(iwt)] 

WPo 

Just to break down Kyle's math on the substitution of the complex expressions into the first equation, we 

have the following: 

iwv eiwt + ~ \lfjeiwt = 0 
Po 

, - 1 \7 A 0 twv +-vp= 
Po 

v = --. _1_\lp 
2Wp 0 

Thus, the velocity can be inferred from spatial gradients in the complex pressure coefficient. Here, we 

approximate the pressure gradient in a single direction ( let 's call it the x-direction) as 

1\= -~-· (p(x+Llx) -p(x) ) 
(J)Po Llx 

Importantly, we assume than the pressure varies linearly over distances of - x, and we calculate the 

complex coefficients for the pressure of the "Closer" microphone and the "Farther" microphone. 

p(Cioser) = Closer(J) .real + iCloser (J).imag 

p(Farther) = Farther(J).rea l + iFarther(J).imag 

The velocity coefficient is then calculated as 

1\ = i (p(Farther)- p (Cioser)) 
(J)Pollx 

Without using complex math and referring to p.91 of Fahy's Sound Intensity, we have the following: 

Op OUn 
on - poat 

' 

20 



which is the same equation from Lifshitz. The parameter n corresponds to the direction of interest and u, 
is the velocity in the specified direction. Fahy states the following using the above equation: 

Un(t ) = -1/ (p0 6.x) /_'
00 

O~~T) dr 

and then provides the following finite-difference approximation: 

'll n(t ) ~ 1/ (Po~X) [ too [pl (T) - P2 (T)j (]T 

Using the data we collected, we can take the difference of the two pressure sine waves and then fit a curve 

of the following form to the oscillating differences in pressure: 

P1 (T) - P2 (T) = Pdif sin (wdift + cPdif) . 
By performing integration on the above expression, we get an expression for the velocity: 

'U,n(t) ~ -Pdif/ (pa!:l.xwdif) cos (wdift + ¢dif) 
The following figure shows one example: 
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If we know the amplitude of the di fference of the pressure, the amplitude of the velocity is given by 
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I 'Un I ~ Pdif / (po !::lxwdif) 
The differences between this result and Kyle's result are negligible as shown below. 
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Appendix 2. Total Air Displacement from Measured Velocities 

Given an oscillating velocity in time, we have the followi ng: 

v = V
0 

sin(wt) 
Using the P-P method or the Microflown, we would measure: 

Now, to go from velocity to displacement, we can integrate the first expression: 

d = f vdt 

= - v o cos(wt) 
{i) 

The total displacement that we report is twice the amplitude (peak-peak displacement) and has the 
fo llowing form: 

dtotol 2~-; 0 I 

= 
2V

0 

{i) 
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